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FORCE VALUES TO A FORCE FEEDBACK DEVICE 

CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] This is a continuation application of prior U.S. application Ser. No. 
09/618,966, filed on July 19, 2000, pending; which is a divisional of prior U.S. 
application Ser. No. 09/322,245, filed on May 28, 1999, now U.S. Pat. No. 6,278,439; 
which is a continuation of prior U.S. application Ser. No. 08/747,841, filed on 
November 13, 1996, now U.S. Pat. No. 5,959,613; which is a continuation-in-part of 
prior U.S. application Ser. No. 08/566,282, filed on December 1, 1995, now U.S. Pat. 
No. 5,734,373; and all of which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates generally to interface devices between humans 
and computers, and more particularly to computer interface devices that provide force 
feedback to the user. 

[0003] Computer systems are used extensively in many different industries to 
implement computer controlled simulations, games, and other application programs. 
More particularly, these types of games and simulations are very popular with the 
mass market of home consumers. A computer system typically displays a visual 
environment to a user on a display screen or other visual output device. Users can 
interact with the displayed environment to play a game, experience a simulation or 
virtual reality environment, or otherwise influence events or images depicted on the 
screen. Such user interaction can be implemented through the use of a human- 
computer interface device, such as a joystick, "joypad" button controller, mouse, 
trackball, stylus and tablet, or the like, that is connected to the computer system 
controlling the displayed environment. The computer updates the simulation or game 
in response to the user's manipulation of an object such as a joystick handle or mouse, 
and provides feedback to the user utilizing the display screen and, typically, audio 
speakers. 
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[0004] In some interface devices, tactile and/or haptic feedback is also provided to the 
user, more generally known as "force feedback." These types of interface devices can 
provide physical sensations to the user manipulating a user manipulate object of the 
interface device. For example, the Force-FX controller from CH Products, Inc. and 
Immersion Corporation may be connected to a computer and provides forces to a user 
of the controller. Typically, motors or other actuators are coupled to the user object 
and are connected to the controlling computer system. The computer system can 
provide forces on the object in conjunction with simulation/game events by sending 
control signals to the actuators. The computer system can thus convey physical force 
sensations to the user in conjunction with other supplied feedback as the user is 
grasping or contacting the object of the interface device. Force feedback interface 
devices can thus provide a whole new modality for human-computer interaction. 

[0005] Force feedback input/output (I/O) devices of the prior art have concentrated on 
providing maximum haptic fidelity, i.e., the realism of the tactile feedback was 
desired to be optimized. This is because most of the force feedback devices have 
been targeted at the specific needs of highly industrial applications, and not a mass 
consumer market. To attain such realism, mass market design concerns have been 
sacrificed in the prior art. 

[0006] One consumer market design concern that is always present in force feedback 
devices is the size, weight, and power consumption of actuators included in the 
device. To provide realistic high magnitude forces, large and heavy actuators have 
necessarily been used in non-mass-market force feedback devices of the prior art. 
However, in the consumer market, such large and heavy actuators are a major 
drawback, since consumers would prefer a portable, small interface device that can 
easily fit on a desktop or other small working space. Even more significantly, such 
large actuators prevent producing a force feedback interface device at a low enough 
cost to be acceptable to mass market consumers. In the prior art, however, smaller 
actuators were not an option if realistic forces were to be presented to the user. 

[0007] Some mass market force feedback devices of the prior art, nevertheless, have 
been provided, and these devices typically include small actuators to reduce costs. 
However, force feedback devices with small actuators have a problem in that they 
may not allow the superposition of many types of force effects due to a limited 
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dynamic range available from the actuators. For example, if a jolt feel sensation is 
desired to be superimposed on a vibration feel sensation to the user, then the force 
magnitudes of the two feel sensations are added together. However, if the maximum 
available dynamic range of the actuators is small, as is typically the case for mass 
market force feedback devices, then the realism of the feel sensations must be 
sacrificed in some way to accommodate both feel sensations. For example, the jolt 
sensation would have to be reduced in magnitude, thus reducing the effectiveness of 
that feel sensation to the user. Providing actuators with a greater dynamic range 
typically means providing larger, more expensive actuators, which is not usually 
feasible in the consumer market as explained above. 

[0008] In addition, there is unnecessary complexity in the manipulation of force 
feedback signals in the prior art. To produce a feel sensation to a user of the force 
feedback device, a force signal of the prior art must include all information required 
to realistically output that feel sensation to the user. However, the computational 
burden of providing feel sensations to a user can be high, especially when providing 
multiple simultaneous feel sensations. To adequately provide the desired forces, 
complex and expensive components typically must be included in the force feedback 
device, often pushing the cost of realistic force feedback out of the reach of mass 
market consumers. 



SUMMARY OF THE INVENTION 

[0009] The present invention is directed to providing and controlling force feedback 
to a user operating a human/computer interface device. Impulse-shaped force signals 
are provided to reduce the necessary force output from the actuators, thereby allowing 
smaller, less complex forces to be generated for the user with minimal reduction in 
the realism of generated forces. 

[0010] More particularly, a method of the present invention for generating a force 
signal for creating a feel sensation upon a user through a force feedback device 
includes providing a source wave. A set of control parameters are provided to define 
the source wave that include at least one of a steady-state magnitude value 
representing a steady-state magnitude of the source wave, a frequency value 
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representing a frequency of the source wave, and a duration value representing a 
duration of the feel sensation. Further, a set of impulse parameters is provided to 
modify the source wave, including an impulse value specifying an impulse force level 
of the source wave applied to the user and a settle time representing a time required 
for a magnitude of the force signal to change from the impulse value to the steady- 
state magnitude value. Finally, using a processor, the force signal is formed from the 
source wave and the sets of control parameters and impulse parameters. Preferably, 
the feel sensation is generated as physical forces produced by actuators on the force 
feedback device in response to the force signal. Preferably, the force signal is initially 
provided at the impulse value and is then decayed to the steady-state magnitude value 
after an expiration of the settle time. The steady-state magnitude value is lower than a 
magnitude value of a non-impulse-shaped force signal required to create a 
corresponding feel sensation having a similar apparent sensation to the user. Thus, by 
generating the feel sensation using the steady-state magnitude value, less power is 
consumed than if said non-impulse shaped force signal were used. 

[0011] Optionally, a set of application parameters specifying a vector of application 
for the force signal, and a set of trigger parameters specifying how the feel sensation 
should be generated responsive to an activation of a button of said force feedback 
device can also be provided for the source wave. In some embodiments, a host 
processor of a host computer system provides the impulse-shaped force signal. In 
ether embodiments, a local processor is provided local to the force feedback device 
for provided and/or relaying the impulse-shaped force signal to actuators. The control 
parameters and impulse parameters can be provided to the local processor by the host 
processor. The host processor implements a simulation in parallel with said local 
processor controlling said actuators. An apparatus of the present invention similarly 
provides a user object movable by a user, a sensor for detecting a position of the user 
object, a local microprocessor, separate from said host computer system and 
outputting an impulse-shaped force signal, and an actuator receiving the impulse- 
shaped force signal and applying a force having an impulse magnitude followed by a 
different steady-state magnitude to the user object. 

[0012] A method of the present invention for generating "condition" forces and 
"effect" forces for creating feel sensations upon a user through a force feedback 
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system includes generating the conditions using a local processor to reduce a 
workload of a host processor. The conditions represent force signals for creating feel 
sensations dependent on data regarding motion or position of the user manipulatable 
portion of the force feedback device. This motion or position data is received by the 
local processor by sensors of the force feedback device. The effects can be generated 
using the host processor and represent force signals for creating feel sensations not 
dependent on the motion or position of the user manipulatable portion of the force 
feedback device. Alternatively, the effects can be generated using the local processor, 
where the force signals are generated in response to commands and parameters from 
the host processor, thereby further reducing the workload of the host processor. 

[0013] In another aspect of the present invention, force signal data is transmitted in a 
force feedback system. A first force signal data value and a second force signal data 
value are sent in a first data packet from a host processor to a local processor. The 
second force signal data value and a third force signal data value are sent from the 
host processor to the local processor, where the third value is different from the first 
and second values. The second data packet and first data packet are consecutive data 
packets such that the "overlapped" second force signal data value may be retrieved 
from either the first data packet or the second data packet if either the first data packet 
or the second data packet is unusable after the transmission. Preferably, the local 
processor disregards duplicate information represented in consecutive packets if both 
packets are successfully received by the local processor. 

[0014] The present invention advantageously provides an impulse-shaped force signal 
that is used to provide feel sensations to a user manipulating a force feedback device. 
The force signal includes an impulse of high magnitude and a steady-state force 
following the impulse, which provides a realistic sensation of constant force without 
having to continuously output a high magnitude force. That is, the present invention 
advantageously manipulates only those variables (impulse and steady state) of the 
force signal that have a significant impact on the perception of the user, reducing the 
complexity of the required hardware and minimizing the computational burden of 
representing diverse feel sensations. In addition, the local processor technology 
reduces the computational burden from the host processor. Furthermore, the 
overlapping of data in force signal transmissions reduces the computation burden of 
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checking for errors and handshaking with a sending device. These improvements 
allow a computer system to provide accurate and realistic force feedback using a low- 
cost force feedback device and is thus ideal for the mass market of home computer 
systems. 

[0015] These and other advantages of the present invention will become apparent to 
those skilled in the art upon a reading of the following specification of the invention 
and a study of the several figures of the drawing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a block diagram of an interface system in accordance with the 
present invention for controlling a force feedback device from a host computer; 

[0017] FIG. 2 is a perspective view of an embodiment of a mechanism for interfacing 
a user manipulatable object with the force feedback device; 

[0018] FIGS. 3a and 3b are diagrammatic representations of example restoring force 
conditions; 

[0019] FIGS. 4a and 4b are diagrammatic representations of example vibration force 
effects; 

[0020] FIG. 5 is a diagrammatic representation of a force signal shaping method of 
the present invention; 

[0021] FIG. 6 is a diagrammatic representation of an example of impulse-shaping a 
source wave by adding control parameters and impulse parameters; 

[0022] FIG. 7a is a diagrammatic representation of the shaping of a recoil effect; 

[0023] FIG. 7b is a diagrammatic representation of the shaping of a vibration effect; 

[0024] FIG. 7c is a diagrammatic representation of the sequencing of the recoil and 
vibration effects of FIGS. 7a and 7b; 
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[0025] FIG. 8 is a diagrammatic representation of an impulse-shaped force signal 
having an offset; 

[0026] FIG. 9 is a diagrammatic representation of an impulse-shaped force signal 
having an offset and being constrained to positive values; 

[0027] FIG. 10 is a block diagram of a force feedback device system suitable to 
implement the impulse-shaped force signals of the present invention; and 

[0028] FIGS. 11a and lib are diagrammatic representations of data packets of the 
present invention having overlapped data values. 

DETAILED DESCRIPTION 

[0029] FIG. 1 is a block diagram illustrating an interface system 10 of the present 
invention for a force feedback interface device controlled by a host computer system. 
Interface system 10 includes a host computer system 12 and an interface device 14. 

[0030] Host computer system 1 2 is preferably a personal computer, such as an IBM- 
compatible or Macintosh personal computer, or a workstation, such as a SUN or 
Silicon Graphics workstation. For example, the host computer system can a personal 
computer which operates under the MS-DOS or Windows operating systems in 
conformance with an IBM PC AT standard. Alternatively, host computer system 12 
can be one of a variety of home video game systems commonly connected to a 
television set, such as systems available from Nintendo, Sega, or Sony. In other 
embodiments, home computer system 12 can be a television "set top box" or a 
"network computer" which can be used, for example, to provide interactive computer 
functions to users over networks. 

[0031] In the described embodiment, host computer system 12 implements a host 
application program with which a user 22 is interacting via peripherals and interface 
device 14. For example, the host application program can be a video game, medical 
simulation, scientific analysis program, or even an operating system or other 
application program that utilizes force feedback. Typically, the host application 
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provides images to be displayed on a display output device, as described below, 
and/or other feedback, such as auditory signals. 

[0032] Host computer system 12 preferably includes a host microprocessor 16, 
random access memory (RAM) 17, read-only memory (ROM) 19, input/output (I/O) 
electronics 21, a clock 18, a display screen 20, and an audio output device 21. Host 
microprocessor 16 can include a variety of available microprocessors from Intel, 
Motorola, or other manufacturers. Microprocessor 16 can be single microprocessor 
chip, or can include multiple primary and/or co-processors. Microprocessor 
preferably retrieves and stores instructions and other necessary data from RAM 17 
and ROM 19, as is well known to those skilled in the art. In the described 
embodiment, host computer system 12 can receive sensor data or a sensor signal via a 
bus 24 from sensors of interface device 14 and other information. Microprocessor 16 
can receive data from bus 24 using I/O electronics 21, and can use I/O electronics to 
control other peripheral devices. Host computer system 12 can also output a "force 
command" to interface device 14 via bus 24 to cause force feedback for the interface 
device. 

[0033] Clock 18 is a standard clock crystal or equivalent component used by host 
computer system 12 to provide timing to electrical signals used by microprocessor 16 
and other components of the computer system. Clock 18 is accessed by host 
computer system 12 in the control process of the present invention, as described 
subsequently. 

[0034] Display screen 20 is coupled to host microprocessor 16 by suitable display 
drivers and can be used to display images generated by host computer system 12 or 
other computer systems. Display screen 20 can be a standard display screen or CRT, 
3-D goggles, or any other visual interface. In a described embodiment, display screen 
20 displays images of a simulation or game environment. In other embodiments, 
other images can be displayed. For example, images describing a point of view from 
a first-person perspective can be displayed, as in a virtual reality simulation or game. 
Or, images describing a third-person perspective of objects, backgrounds, etc. can be 
displayed. A user 22 of the host computer 12 and interface device 14 can receive 
visual feedback by viewing display screen 20. 
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[0035] Herein, computer 12 may be referred as displaying computer "objects" or 
"entities". These computer objects are not physical objects, but is a logical software 
unit collections of data and/or procedures that may be displayed as images by 
computer 12 on display screen 20, as is well known to those skilled in the art. For 
example, a cursor or a third-person view of a car might be considered player- 
controlled computer objects that can be moved across the screen. A displayed, 
simulated cockpit of an aircraft might also be considered an "object", or the simulated 
aircraft can be considered a computer controlled "entity". 

[0036] Audio output device 21, such as speakers, is preferably coupled to host 
microprocessor 16 via amplifiers, filters, and other circuitry well known to those 
skilled in the art. Host processor 16 outputs signals to speakers 21 to provide sound 
output to user 22 when an "audio event" occurs during the implementation of the host 
application program. Other types of peripherals can also be coupled to host processor 
16, such as storage devices (hard disk drive, CD ROM drive, floppy disk drive, etc.), 
printers, and other input and output devices. 

[0037] An interface device 14 is coupled to host computer system 12 by a bi- 
directional bus 24. The bi-directional bus sends signals in either direction between 
host computer system 12 and the interface device. Herein, the term "bus" is intended 
to generically refer to an interface such as between host computer 12 and 
microprocessor 26 which typically includes one or more connecting wires or other 
connections and that can be implemented in a variety of ways, as described below. In 
the preferred embodiment, bus 24 is a serial interface bus providing data according to 
a serial communication protocol. An interface port of host computer system 12, such 
as an RS232 serial interface port, connects bus 24 to host computer system 12. Other 
standard serial communication protocols can also be used in the serial interface and 
bus 24, such as RS-422, Universal Serial Bus (USB), MIDI, or other protocols well 
known to those skilled in the art. 

[0038] For example, the USB standard provides a relatively high speed serial 
interface that can provide force feedback signals in the present invention with a high 
degree of realism. USB can also source more power to drive peripheral devices. 
Since each device that accesses the USB is assigned a unique USB address by the host 
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computer, this allows multiple devices to share the same bus. In addition, the USB 
standard includes timing data that is encoded along with differential data. 

[0039] An advantage of the present invention is that low-bandwidth serial 
communication signals can be used to interface with interface device 14, thus 
allowing a standard built-in serial interface of many computers to be used directly. 
Alternatively, a parallel port of host computer system 12 can be coupled to a parallel 
bus 24 and communicate with interface device using a parallel protocol, such as SCSI 
or PC Parallel Printer Bus. In a different embodiment, bus 24 can be connected 
directly to a data bus of host computer system 1 2 using, for example, a plug-in card 
and slot or other access of computer system 12. For example, on an IBM AT 
compatible computer, the interface card can be implemented as an ISA, EISA, VESA 
local bus, PCI, or other well-known standard interface card which plugs into the 
motherboard of the computer and provides input and output ports connected to the 
main data bus of the computer. Bus 24 can be implemented within a network such as 
the Internet or LAN; or, bus 24 can be a channel such as the air, etc. for wireless 
communication. 

[0040] In another embodiment, an additional bus 25 can be included to communicate 
between host computer system 12 and interface device 14. Since the speed 
requirement for communication signals is relatively high for outputting force 
feedback signals, the single serial interface used with bus 24 may not provide signals 
to and from the interface device at a high enough rate to achieve realistic force 
feedback. In such an embodiment, bus 24 can be coupled to the standard serial port of 
host computer 12, while an additional bus 25 can be coupled to a second port of the 
host computer system. For example, many computer systems include a "game port" 
in addition to a serial RS-232 port to connect a joystick or similar game controller to 
the computer. The two buses 24 and 25 can be used simultaneously to provide a 
increased data bandwidth. For example, microprocessor 26 can send sensor signals to 
host computer 12 via a unidirectional bus 25 and a game port, while host computer 12 
can output force feedback signals from a serial port to microprocessor 26 via a 
unidirectional bus 24. Other combinations of data flow configurations can be 
implemented in other embodiments. 



10 



Atty. Docket No. IMMR067/04US 



[0041] Interface device 14 includes a local microprocessor 26, sensors 28, actuators 
30, a user object 34, optional sensor interface 36, an optional actuator interface 38, 
and other optional input devices 39. Interface device 14 may also include additional 
electronic components for communicating via standard protocols on bus 24. In the 
preferred embodiment, multiple interface devices 14 can be coupled to a single host 
computer system 12 through bus 24 (or multiple buses 24) so that multiple users can 
simultaneously interface with the host application program (in a multi-player game or 
simulation, for example). In addition, multiple players can interact in the host 
application program with multiple interface devices 14 using networked host 
computers 12, as is well known to those skilled in the art. 

[0042] Local microprocessor 26 is coupled to bus 24 and is preferably included 
within the housing of interface device 14 to allow quick communication with other 
components of the interface device. Processor 26 is considered "local" to interface 
device 14, where "local" herein refers to processor 26 being a separate microprocessor 
from any processors in host computer system 12. "Local" also preferably refers to 
processor 26 being dedicated to force feedback and sensor I/O of interface device 14, 
and being closely coupled to sensors 28 and actuators 30, such as within the housing 
for interface device or in a housing coupled closely to interface device 14. 
Microprocessor 26 can be provided with software instructions to wait for commands 
or requests from computer host 16, decode the command or request, and 
handle/control input and output signals according to the command or request. In 
addition, processor 26 preferably operates independently of host computer 16 by 
reading sensor signals and calculating appropriate forces from those sensor signals, 
time signals, and stored or relayed instructions selected in accordance with a host 
command. Suitable microprocessors for use as local microprocessor 26 include the 
MC68HC71 1E9 by Motorola, the PIC16C74 by Microchip, and the 82930AX by Intel 
Corp., for example. Microprocessor 26 can include one microprocessor chip, or 
multiple processors and/or co-processor chips. In other embodiments, microprocessor 
26 can include digital signal processor (DSP) capability. 

[0043] Local memory 27, such as RAM and/or ROM, is preferably coupled to 
microprocessor 26 in interface device 14 to store instructions for microprocessor 26 
and store temporary and other data. Microprocessor 26 can receive signals from 
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sensors 28 and provide signals to actuators 30 of the interface device 14 in accordance 
with instructions provided by host computer 12 over bus 24. Microprocessor 26 
preferably also has access to calibration parameters stored in memory 27. The 
calibration parameters can compensate for slight manufacturing variations in different 
physical properties of the components of different interface devices made from the 
same manufacturing process, such as physical dimensions, as is well-known to those 
skilled in the art. 

[0044] In addition, a local clock 29 can be coupled to the microprocessor 26 to 
provide timing data, similar to system clock 18 of host computer 12; the timing data 
might be required, for example, to compute forces output by actuators 30 (e.g., forces 
dependent on calculated velocities or other time dependent factors). In alternate 
embodiments using the USB communication interface, timing data for microprocessor 
26 can be retrieved from USB signal. The USB has a clock signal encoded with the 
data stream which can be used. Alternatively, the Isochronous (stream) mode of USB 
can be used to derive timing information from the standard data transfer rate. The 
USB also has a Sample Clock, Bus Clock, and Service Clock that also may be used. 

[0045] For example, in one host-controlled embodiment that utilizes microprocessor 
26, host computer 12 can provide low-level force commands over bus 24, which 
microprocessor 26 directly transmits to the actuators. In a different local control 
embodiment, host computer system 12 provides high level supervisory commands to 
microprocessor 26 over bus 24, and microprocessor 26 manages low level force 
control loops to sensors and actuators in accordance with the high level commands 
and independently of the host computer 18. In the local control embodiment, the 
microprocessor 26 can process inputted sensor signals to determine appropriate output 
actuator signals by following instructions that may be stored in local memory and 
includes calculation instructions, force magnitudes, or other data. The force process 
can command distinct force sensations, such as vibrations, textures, jolts, or even 
simulated interactions between displayed objects. These embodiments are described 
in greater detail in U.S. Pat. Nos. 5,739,811 and 5,734,373 both incorporated by 
reference herein. In an alternate embodiment, no local microprocessor 26 is included 
in interface system 10, and host computer 12 directly controls and processes all 
signals to and from the interface device 14. 
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[0046] Microprocessor 26 can also receive commands from any other input devices 
included on interface apparatus 14 and provides appropriate signals to host computer 
12 to indicate that the input information has been received and any information 
included in the input information. For example, buttons, switches, dials, or other 
input controls on interface device 14 or user object 34 can provide signals to 
microprocessor 26. 

[0047] In the preferred embodiment, sensors 28, actuators 30, and microprocessor 26, 
and other related electronic components are included in a housing for interface device 
14, to which user object 34 is directly or indirectly coupled. Alternatively, 
microprocessor 26 and/or other electronic components of interface device 14 can be 
provided in a separate housing from user object 34, sensors 28, and actuators 30. 
Also, additional mechanical structures may be included in interface device 14 to 
provide object 34 with desired degrees of freedom. An embodiment of a mechanism 
is described with reference to FIG. 2. 

[0048] Sensors 28 sense the position, motion, and/or other characteristics of a user 
object 34 of the interface device 14 along one or more degrees of freedom and 
provide signals to microprocessor 26, including information representative of those 
characteristics. Typically, a sensor 28 is provided for each degree of freedom along 
which object 34 can be moved. Alternatively, a single compound sensor can be used 
to sense position or movement in multiple degrees of freedom. An example of 
sensors suitable for several embodiments described herein are digital optical encoders, 
which sense the change in position of an object about a rotational axis and provide 
digital signals indicative of the change in position. Linear optical encoders, 
potentiometers, optical sensors, or other types of sensors can be used, and either 
relative or absolute sensors can be used. A suitable optical encoder is the "Softpot" 
from U.S. Digital of Vancouver, Wash. 

[0049] Sensors 28 provide an electrical signal to an optional sensor interface 36, 
which can be used to convert sensor signals to signals that can be interpreted by the 
microprocessor 26 and/or host computer system 12. For example, sensor interface 36 
can receive two phase-related signals from a sensor 28 and converts the two signals 
into another pair of clock signals, which drive a bi-directional binary counter. The 
output of the binary counter is received by microprocessor 26 as a binary number 
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representing the angular position of the encoded shaft. Such circuits, or equivalent 
circuits, are well known to those skilled in the art; for example, the Quadrature Chip 
LS7166 from Hewlett Packard, Calif, performs the functions described above. Each 
sensor 28 can be provided with its own sensor interface, or one sensor interface may 
handle data from multiple sensors. For example, an electronic interface described in 
U.S. Pat. No. 5,576,727 can also be used. Alternately, microprocessor 26 can perform 
these interface functions without the need for a separate sensor interface 36. The 
position value signals can be used by microprocessor 26 and are also sent to host 
computer system 12 which updates the host application program and sends force 
control signals as appropriate. In alternate embodiments, sensor signals from sensors 
28 can be provided directly to host computer system 12 as shown by bus 24', 
bypassing microprocessor 26. Also, sensor interface 36 can be included within host 
computer system 12, such as on an interface board or card. Alternatively, an analog 
sensors can be used instead of digital sensors. For example, a strain gauge, velocity 
sensors and/or accelerometers can be used to directly measure forces, velocities and 
accelerations on object 34. An analog to digital converter (ADC) can convert the 
analog signal to a digital signal that is received and interpreted by microprocessor 26 
and/or host computer system 12, as is well known to those skilled in the art. 

[0050] Actuators 30 transmit forces to user object 34 of the interface device 14 in one 
or more directions along one or more degrees of freedom in response to signals 
received from microprocessor 26. Typically, an actuator 30 is provided for each 
degree of freedom along which forces are desired to be transmitted. Actuators 30 can 
include two types; active actuators and passive actuators. 

[0051] Active actuators include linear current control motors, stepper motors, 
pneumatic/hydraulic active actuators, a torquer (motor with limited angular range), a 
voice coil actuators, and other types of actuators that transmit a force to move an 
object. For example, active actuators can drive a rotational shaft about an axis in a 
rotary degree of freedom, or drive a linear shaft along a linear degree of freedom. 
Active transducers of the present invention are preferably bi-directional, meaning they 
can selectively transmit force along either direction of a degree of freedom. For 
example, DC servo motors can receive force control signals to control the direction 
and torque (force output) that is produced on a shaft. Passive actuators can also be 
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used for actuators 30. Magnetic particle brakes, friction brakes, or 
pneumatic/hydraulic passive actuators can be used in addition to or instead of a motor 
to generate a damping resistance or friction in a degree of motion. In alternate 
embodiments, all or some of sensors 28 and actuators 30 can be included together as a 
sensor/actuator pair transducer. 

[0052] Actuator interface 38 can be optionally connected between actuators 30 and 
microprocessor 26. Interface 38 converts signals from microprocessor 26 into signals 
appropriate to drive actuators 30. Interface 38 can include power amplifiers, 
switches, digital to analog controllers (DACs), analog to digital controllers (ADC's), 
and other components, as is well known to those skilled in the art. In alternate 
embodiments, interface 38 circuitry can be provided within microprocessor 26, in 
actuators 30, or in host computer 12. 

[0053] Other input devices 39 can optionally be included in interface device 14 and 
send input signals to microprocessor 26 or to host processor 16. Such input devices 
can include buttons, dials, switches, or other mechanisms. For example, in 
embodiments where user object 34 is a joystick, other input devices can include one 
or more buttons provided, for example, on the joystick handle or base and used to 
supplement the input from the user to a game or simulation. The operation of such 
input devices is well known to those skilled in the art. 

[0054] Power supply 40 can optionally be coupled to actuator interface 38 and/or 
actuators 30 to provide electrical power. Active actuators typically require a separate 
power source to be driven. Power supply 40 can be included within the housing of 
interface device 14, or can be provided as a separate component, for example, 
connected by an electrical power cord. 

[0055] Alternatively, if the USB or a similar communication protocol is used, 
interface device 14 can draw power from the USB and thus have no need for power 
supply 40. This embodiment is most applicable to a device 14 having passive 
actuators 30, since passive actuators require little power to operate. Active actuators 
tend to require more power than can be drawn from USB, but this restriction can be 
overcome in a number of ways. One way is to configure interface 14 to appear as 
more than one peripheral to host computer 12; for example, each provided degree of 
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freedom of user object 34 can be configured as a different peripheral and receive its 
own allocation of power. This would allow host 12 to allocate more power to 
interface device 14. Alternatively, power from the USB can be stored and regulated 
by interface device 14 and thus used when needed to drive actuators 30. For example, 
power can be stored over time and then immediately dissipated to provide a jolt force 
to the user object 34. A capacitor circuit, for example, can store the energy and 
dissipate the energy when enough power has been stored. Microprocessor may have 
to regulate the output of forces to assure that time is allowed for power to be stored. 
This power storage embodiment can also be used in non-USB embodiments of 
interface device 14 to allow a smaller power supply 40 to be used. 

[0056] Safety switch 41 is preferably included in interface device 14 to provide a 
mechanism to allow a user to override and deactivate actuators 30, or require a user to 
activate actuators 30, for safety reasons. Certain types of actuators, especially active 
actuators such as motors, can pose a safety issue for the user if the actuators 
unexpectedly move user object 34 against the user with a strong force. In addition, if 
a failure in the control system 10 occurs, the user may desire to quickly deactivate the 
actuators to avoid any injury. To provide this option, safety switch 41 is coupled to 
actuators 30. In the preferred embodiment, the user must continually activate or close 
safety switch 41 during operation of interface device 14 to activate the actuators 30. 
If, at any time, the safety switch is deactivated (opened), power from power supply 40 
is cut to actuators 30 (or the actuators are otherwise deactivated) as long as the safety 
switch is deactivated. For example, a preferred embodiment of safety switch is an 
optical switch located on user object 34 (such as a joystick) or on a convenient surface 
of a housing enclosing interface device 14. When the user covers the optical switch 
with a hand or finger, the sensor of the switch is blocked from sensing ambient light, 
and the switch is closed. The actuators 30 thus will function as long as the user 
covers the switch. Safety switch 41 can also provide a signal to host computer 12. 
Other types of safety switches 41 can be provided in other embodiments. For 
example, an electrostatic contact switch can be used to sense contact, a button or 
trigger can be pressed, or a different type of sensor switch can be used. 

[0057] User object 34 is preferably a device or article that may be grasped or 
otherwise contacted or controlled by a user and which is coupled to interface device 
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14. By "grasp", it is meant that users may releasably engage a grip portion of the 
object in some fashion, such as by hand, with their fingertips, or even orally in the 
case of handicapped persons. The user 22 can manipulate and move the object along 
provided degrees of freedom to interface with the host application program the user is 
viewing on display screen 20. Object 34 can be a joystick, mouse, trackball, stylus, 
steering wheel, medical instrument (laparoscope, catheter, etc.), pool cue, hand grip, 
knob, button, or other article. For example, medical instruments, such as laparoscopic 
tools or catheters, can be used to simulate medical procedures. A laparoscopic tool 
sensor and force feedback device is described in U.S. Patent No. 5,623,582, 
incorporated herein by reference in its entirety. 

[0058] FIG. 2 is a perspective view of one embodiment of a mechanical apparatus 
100 suitable for providing mechanical input and output to host computer system 12. 
Apparatus 100 includes gimbal mechanism 140, sensors 28 and actuators 30. User 
object 34 is shown in this embodiment as a joystick having a grip portion 162. 

[0059] Gimbal mechanism 140 provides two rotary degrees of freedom to object 34. 
A gimbal device as shown in FIG. 2 is described in greater detail in U.S. Pat. No. 
5,731,804 and 5,767,839, both hereby incorporated by reference in their entirety. 
Gimbal mechanism 140 provides support for apparatus 160 on grounded surface 142, 
such as a table top or similar surface. Gimbal mechanism 140 is a five-member 
linkage that includes a ground member 144, extension members 146a and 146b, and 
central members 148a and 148b. Gimbal mechanism 140 also includes capstan drive 
mechanisms 164. 

[0060] Ground member 144 includes a base member 166 and vertical support 
members 168. Base member 166 is coupled to grounded surface 142. A vertical 
support member 168 is coupled to each of these outer surfaces of base member 166 
such that vertical members 168 are in substantially 90-degree relation with each other. 
Ground member 144 is coupled to a base or surface which provides stability for 
mechanism 140. 

[0061] The members of gimbal mechanism 140 are rotatably coupled to one another 
through the use of bearings or pivots. Extension member 146a is rigidly coupled to a 
capstan drum 170 and is rotated about axis A as capstan drum 170 is rotated. 
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[0062] Likewise, extension member 146b is rigidly coupled to the other capstan 
drum 170 and can be rotated about axis B. Central drive member 148a is rotatably 
coupled to extension member 146a and can rotate about floating axis D, and central 
link member 148b is rotatably coupled to an end of extension member 146b at a 
center point P and can rotate about floating axis E. Central drive member 148a and 
central link member 148b are rotatably coupled to each other at the center of rotation 
of the gimbal mechanism, which is the point of intersection P of axes A and B. 
Bearing 172 connects the two central members 148a and 148b together at the 
intersection point P. The axes D and E are "floating" in the sense that they are not 
fixed in one position as are axes A and B. Axes A and B are substantially mutually 
perpendicular. 

[0063] Gimbal mechanism 140 is formed as a five member closed chain such that 
each end of one member is coupled to the end of a another member. Gimbal 
mechanism 140 provides two degrees of freedom to an object 34 positioned at or near 
to the center point P of rotation. An object at or coupled to point P can be rotated 
about axis A and B or have a combination of rotational movement about these axes. 
In alternate embodiments, object 34 can also be rotated or translated in other degrees 
of freedom, such as a linear degree of freedom along axis C or a rotary degree of 
freedom about axis C. 

[0064] A capstan drive mechanism 164 is preferably coupled to each vertical member 
168. Capstan drive mechanisms 164 are included in gimbal mechanism 140 to 
provide mechanical advantage without introducing friction and backlash to the 
system. The capstan drive mechanisms 164 are described in greater detail in U.S. Pat. 
No. 5,767,839. 

[0065] Sensors 28 and actuators 30 can be coupled to gimbal mechanism 140 at the 
link points between members of the apparatus. Sensors 28 and actuators 30 can be 
combined in the same housing of a grounded transducer 174a or 174b, as shown. For 
example, optical encoder sensors 28 and active DC servo motors 30 can be combined 
in transducer 174. The housing of grounded transducers 174a and 174b are preferably 
coupled to a vertical support member 168. A rotational shaft of actuator and sensor is 
coupled to a pulley of capstan drive mechanism 164 to transmit input and output 
along the associated degree of freedom. The transducers 174a and 174b of the 
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described embodiment are advantageously positioned to provide a very low amount of 
inertia to the user handling object 34, as explained in U.S. Pat. No. 5,731,804. 

[0066] User object 34 is shown as a joystick having a grip portion 162 for the user to 
grasp. A user can move the joystick about axes A and B. The movements in these 
two degrees of freedom are sensed by processor 26 and host computer system 12. 
Forces can be applied preferably in the two degrees of freedom to simulate various 
haptic sensations. Joystick may also optionally "spin" about axis C, and this 
movement may be sensed and/or actuated. Optionally, other objects 34 can be 
coupled to gimbal mechanism 140, as described above. 

[0067] Other embodiments of interface apparatuses and transducers can also be used 
in interface device 14 to provide mechanical input/output for user object 34. For 
example, interface apparatuses which provide one to three (or more) linear degrees of 
freedom to user object 34 can be used. In addition, passive actuators having an 
amount of "play" can be provided to implement different reflex processes. Other 
embodiments of actuators and interfaces are described in U.S. Pat. No. 6,024,576, 
U.S. Pat. Nos. 5,767,839, 5,721,566, and 5,805,140, all hereby incorporated by 
reference herein. 

Impulse-Shaped Force Signals 

[0068] In accordance with an embodiment of the present invention, there is provided 
a technique for generating impulse-shaped force signals that advantageously preserves 
the fidelity of the apparent sensation upon the user while maximizing the dynamic 
range of the actuators of the force feedback device. The inventive impulse-shaped 
force signals can be employed to generate "condition"-related sensations or, more 
preferably, to generate "effecf-related sensations. 

[0069] To further elaborate, effects are different from conditions. Conditions may be 
conceptualized as background sensations, the intensity or quality of which depends 
upon the motion (e.g., displacement, velocity, acceleration, direction, and the like) of 
the user manipulable portion (e.g., the user object 34) of the force feedback device. 
Accordingly, conditions may be thought of as closed-loop sensations, and require 
inputs from the sensors that monitor the motion of the user manipulatable portion of 
the force feedback device to properly form the force signals therefor. 
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[0070] For example, conditions may define basic physical properties of an interface 
device such as the underlying feel of the motion of the user object. Conditions can be 
applied to make the user object feel "loose", "stiff 1 , "heavy", "light", "sticky", 
"scratchy", "slippery", etc. Different conditions can be provided for a variety of 
different situations, such as simulating the feel of different types of vehicles, 
simulating the feel of damaged vehicles, 

[0071] One example of a condition is a stiffiiess property. FIG. 3a is a graph 180 
illustrating force versus displacement profiles for a stiffiiess condition. Stiffness can 
be described as a "spring return", since it feels to the user as if a strong spring resists 
displacement of the user object. The stiffiiess provides a constant return sensation 
that forces the user object back to an origin or neutral position, where the force 
increases the further the object is moved from the origin (an origin can be the center 
position of a joystick as shown in FIG. 2). In the described example, the stiffness is 
generally modeled using Hooke's Law, where resistance force F is proportional to the 
displacement d, such that: 

F=k*d 

where d is the displacement along an axis and k is a spring constant defining the 
degree of stiffiiess. K can also be positive or negative to indicate the degree of 
stiffiiess in a particular direction on an axis or degree of freedom. For example, +k 
can be different than -k such that it is much harder to push a joystick forward than to 
pull it back; this sensation might be used to simulate the feel of a tug boat pushing a 
heavy load. The force in graph 180 of FIG. 3a is bi-directional, where the force for 
positive displacements (+d) is applied in one direction along a degree of freedom of 
user object 34, and the force for negative displacements is applied in the opposite 
direction along that degree of freedom. Alternatively, force might only be applied in 
one direction on an axis or degree of freedom. 

[0072] In FIG. 3b, graph 181 shows the stiffiiess condition similarly to FIG. 3a, 
except that the applied force is about zero in a region 182, about a neutral position. 
Region 182 is known as a "deadband" and allows the user to have some freedom to 
move object 34 for a short distance around the neutral position before forces are 
applied. The deadband can be selectively applied in positive and/or negative 
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directions in each degree of freedom. In addition, an offset 183 of the neutral position 
along an axis can be specified. 

[0073] FIG. 3b also shows saturation regions 184, where the magnitude of stiffness 
generally remains constant. Positive and/or negative saturation regions can be defined 
for each degree of freedom. The saturation force magnitude F is can be limited to a 
predetermined percentage of the maximum possible output force in a the selected 
degree of freedom, so that effects can be overlaid on top of the restoring sensation (or, 
the impulse shaping described below can perform this limiting function). As the 
object 34 is moved in the saturation range, the applied force F is constant until the 
user object is moved within a spring region 186, where the applied force falls in 
accordance with distance to the neutral position until the deadband region 182 is 
reached. 

[0074] A stiffness sensation can be very ably applied, for example, to the situation of 
hitting a wall or some other obstruction while controlling a simulated vehicle. The 
restoring force indicates a resistance against commanding a velocity in a direction of 
motion. This force drops off when the user object is returned to the origin position 
because the user is no longer commanding a velocity in the direction of motion. 

[0075] Another condition is a damping property. The damping condition creates a 
"viscous" force on user object 34 having a magnitude proportional to the velocity, 
rather than the displacement, of the user object when moved by the user. Similar 
relationships to those in FIGS. 3a and 3b can be used, where the displacement axis is 
replaced by a velocity axis, and the spring constant k is replaced by a damping 
coefficient b. Damping can be used to simulate controlling, for example, a very 
heavy vehicle that is poorly responsive to the movement of the user object. This and 
other conditions are described in greater detail in U.S. Pat. No. 5,734,373. 

[0076] In contrast, effects (also known as "overlays") are sensations which are 
generated and applied to the user independent of the motion of the user manipulable 
portion of the force feedback device. In other words, effects are open-loop sensations 
and are generated by the actuators of the force feedback device as a function of time 
irrespective of the current motion of the user object 34. One may think of effects as 
foreground force overlays, which may be superimposed on whatever background 
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condition-force(s) are currently generated by the force feedback device. Effects are 
often correlated with discrete events that may occur during a simulation or game. 

[0077] Effects may be of short duration, such as a jolt occurring from a missile 
impact on a plane, or may be longer in duration, such as a bobbing sensation of a boat 
caught in a wake of a large tanker. 

[0078] One example of an effect is a vibration force. FIGS. 4a and 4b are graphs 
illustrating force versus displacement graphs for a vibration effect. FIG. 4a is a graph 
188 showing a bi-directional vibration force while FIG. 4b is a graph 190 showing a 
uni-directional vibration force. The vibration has a magnitude indicated by the 
vertical axis and a frequency and includes a number of force pulses separated by zero 
or negative force pulses, which provides the user a rapid "on-off sequence of forces. 
The vibration force can be specified as a sinusoidal force, a sawtooth-shaped force, a 
square waveform force, etc. The duty cycle and other parameters of the vibration can 
also be specified. 

[0079] Other effects include a wobble force and a jolt force. A wobble force creates a 
random (or seemingly random to the user), off-balance force sensation on the user 
object. For example, it can simulate an erratic control for a damaged vehicle. The 
jolt force is typically a single short, high magnitude force that is output on the user 
object, and can be used, for example, to notify the user of an event or simulated object 
in the computer environment. 

[0080] Both conditions and effects can be provided simultaneously to the user object 
34. In a car simulation, for example, conditions may be generated to give the user the 
physical feel of manipulating a virtual steering wheel based on what kind of car the 
user is driving, the speed of travel, road surface characteristics (dry, wet, ice, etc.), 
and the like. The condition force signal is a function of steering wheel manipulation. 
An effect may be generated to give the user the feel of an event external to steering 
wheel manipulations, such as hitting a pothole or getting sideswiped by another car. 
To generate this effect, the processor only needs to define the force signal 
representing the sensation of hitting the pothole as a function of time. 

[0081] FIG. 5 describes one embodiment of the present invention, in which a basic 
source signal or "source wave" is "shaped" to alter the source wave to an impulse- 
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shaped force signal that advantageously preserves the fidelity of the apparent 
sensation upon the user while maximizing the dynamic range of the actuators of the 
force feedback device. 

[0082] In accordance with one aspect of the present invention, it is realized that 
diverse feel effects can be created by generating time-varying force signals upon the 
force feedback device. It is also realized that humans are more sensitive to certain 
haptic features of a force signal and less sensitive to other features. Accordingly, if a 
force signal can be defined by variables that have a substantial impart upon the human 
perception of the resulting feel sensation and without including variables having a less 
significant impact, a simple and generalized representation of force signals may be 
achieved. Via the simplified, generalized representation of force signals, the task of 
modeling and generating the desired feel sensation may be simplified and made more 
efficient for the programmer, the processor, and the actuators of the force feedback 
device. 

[0083] It has been found that human physical, i.e., haptic, senses are most sensitive to 
changes in force intensity, e.g., transients or impulses, and are substantially less 
sensitive to constant forces or slowly changing forces. Accordingly, forces may be 
most efficiently conveyed to the user by an exaggerated transient or "impulse" having 
a relatively high magnitude, which decays over a settle time to a "steady-state" 
magnitude value that is sufficient to convince the user of the continuing presence of 
the effect. 

[0084] In one embodiment of the present invention, the generalized representation of 
force signals is an impulse-shaped force signal, i.e., a source wave that has been 
"shaped" to include an impulse. The shaped signal advantageously captures primary 
perceptual features of a force signal to substantially preserve the fidelity of the 
apparent sensation upon the user when it is translated into forces by actuators of the 
force feedback device. Impulse-shaped force signals are efficient in conveying the 
desired feel sensation to the user since humans are most sensitive to force transients, 
not steady states. 

[0085] Further, since human haptic senses are significantly less sensitive to the 
magnitude of the steady state force, it is discovered that the magnitude of the steady 
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state signal which follows the impulse need not be as high as the magnitude of an 
analogous non-impulse signal that is required to create the same sensation upon the 
user. As will be discussed in detail herein, this aspect of the inventive impulse-shaped 
force signal provides many advantages. 

[0086] Referring to FIG. 5, an impulse-shaped time varying force signal 202 of the 
present invention is represented by a source wave 204, a set of control parameters 
added by a control parameter step 206, and a set of impulse parameters added by an 
impulse shaping step 208, a set of application parameters added by an application 
parameter step 210, and a set of trigger parameters added by a trigger parameter step 
212. 

[0087] A source wave 202 is initially provided. The source wave defines the basic 
signal from which the effect is created. The source wave may be any predefined type 
of wave or signal, which may be as simple as a constant force value, or as complex as 
a square wave, sinusoidal wave, sawtooth wave, triangular wave, or any other 
arbitrary signal. In some embodiments, the source wave can be a "force profile", 
which is a series of predefined digital force values that can be stored in a storage 
device. 

[0088] The control parameter step 206 adds a number of control parameters to the 
source wave to define the wave. Control parameters regulate the feel of the force. 
For example, some or all of the following can be included as control parameters: the 
frequency of the signal, its duration, its steady-state magnitude, and its offset (i.e., DC 
voltage component). If the source wave is a constant force signal, frequency control 
parameters do not apply. 

[0089] The impulse shaping step 208 modifies or shapes the signal to a desired 
"quality" to determine how the initial impulse force and the following steady state 
force will feel. Preferably, a set of impulse parameters is added to the signal to 
characterize this shaping. The set of impulse parameters includes the impulse 
magnitude, the settle time (i.e., the time required for the force signal to settle to its 
steady-state magnitude from the impulse magnitude), and the steady-state time. The 
steady time represents the difference between the duration (furnished as a control 
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parameter) and the settle time (furnished as an impulse parameter) and may not be 
required in some cases. 

[0090] To illustrate the impulse shaping aspect of the present invention, consider the 
following example. Suppose the programmer wants to create the feel of a virtual car 
hitting the side railing of a race track while making a wide turn. Perceptually, this 
effect may be conveyed to the user by a sharp impulse when the user's car hits the 
railing. The magnitude of the impulse may be larger than the magnitude of the 
specified impact. This impulse is allowed to settle down to a steady state value, 
preferably over a short duration in this example to accentuate the intensity of the 
collision. The reduced steady state signal, once reached, presents a subtle resistive 
force that is sufficient to convincingly maintain the physical illusion that the railing is 
a solid entity that resists penetration. The steady state signal may be allowed to 
continue for a period of time, or indefinitely until the driver recovers the turn and 
pulls the car away from the railing in this case. In the present invention, the reduced 
steady-state signal preferably has a magnitude that is significantly lower than the 
magnitude of prior art force signals required to create the same apparent sensation 
upon the user. 

[0091] FIG. 6 illustrates the impulse-shaped force signal for an exemplary effect. In 
FIG. 6, the source wave 204 is a sinusoidal wave. In step 206, control parameters are 
added, which include a steady-state magnitude of 25% (e.g., 25% of the maximum 
force level that can be generated by the actuator), a frequency of 100 Hz, and a 
duration of 50 milliseconds (mS). In step 208, impulse parameters are added which 
include an impulse level of 50% and a settle time of 25 mS. After the impulse, the 
force signal settles, and a steady state force at 25% force level persists until 
terminated, i.e., when the duration expires after an additional 25 mS. Note that 
although the decay is shown in FIG. 6 to be a linear decay from the impulse peak, it is 
contemplated that other types of decay, e.g., logarithmic, may be specified via a 
parameter if desired. It should be noted that, in general, the settle time is much 
shorter than the steady state duration; for example, the settle time can be 1/10 the 
steady state time, or shorter. 

[0092] In some cases, it may be desired to provide an impulse level that is lower than 
the steady state level (thus, the force output would increase during the settle time to 
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the steady state level after the impulse level). Also, in some embodiments, a "fade 
time" can be included as an impulse parameter. The fade time period occurs after the 
steady state time period and defines a period when the force level decays from the 
steady-state level to approximately a zero level. This may be used to provide a "fade 
out" of forces. As with the decay during the settle time, the fade time decay can be 
provided as a linear, logarithmic, or other type of decay. 

[0093] As mentioned earlier, the use of the inventive impulse-shape force signal for 
creating feel sensations is advantageous since its simplified and generalized 
representation simplifies the task of specifying and creating the desired feel signal to 
convey a particular feel effect to the user. Via the inventive impulse-shaped force 
signal forming technique, steady state signals of relative low magnitudes may be 
employed to convincingly impress upon the user of the continued presence of an 
effect. Accordingly, less power is consumed by the actuators of the force feedback 
device, thereby allowing alternative sources of power such as the USB to be used in 
some embodiments. In addition, reduced power requirements may allow smaller 
actuators to be used in the force feedback interface device, which is desirable for the 
consumer mass market. Finally, less heat is generated by the actuators when using 
less power, which lessens the potentiality of heat-related damage to the components 
of the force feedback device. 

[0094] More importantly, the use of the inventive impulse-shaped force signal 
forming technique advantageously maximizes the available dynamic range of the 
actuators. To elaborate, most actuators have a finite maximum force level that can be 
applied. This force level may be limited by the actuators themselves or by the power 
electronics that drive the actuators. If multiple force effects are present, the 
cumulative force of these effects can exceed the maximum force level that can be 
applied by an actuator if the effects are simply superimposed on one another, as was 
done in the prior art. By conveying a feel sensation as a strong impact followed by a 
subdued steady state force level, a low background force level may be maintained 
while convincingly convey to the user of the continued presence of the effect. A 
subsequent effect may then be superimposed on this subdued steady state level 
without exceeding the dynamic range limitations of the hardware. 
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[0095] The above advantages may be better understood with reference to the 
following example. In a flight simulator game, for example, the virtual airplane may 
be hit by a strong cross-wind (the first effect) from the right. If the intense sensation 
of the cross-wind is conveyed in a conventional manner to the pilot as a strong 
constant force pushing to the left on the joystick, there may be little dynamic range 
left in the actuator to convey other subsequent effects, e.g., being impacted by enemy 
bullets from the right. 

[0096] If these effects are created via the inventive impulse-shaped force signals, the 
cross-wind would be conveyed to the user by a sharp impulse to the left, followed by 
a subdued steady state force on the joystick that pushes to the left. Because the 
human pilot is most sensitive to the transient and not the magnitude of the steady state 
force, the resulting sensation from this effect is still convincing as an intense cross- 
wind. However, since the sensation is continually conveyed during the steady state 
period as a lower level constant force, there is more dynamic range left in the actuator 
to convey a subsequent effect, e.g., being impacted by bullets from the right. 

[0097] The inventive impulse-shaped force signal forming technique may also 
employ other optional parameters to convey other aspects of a feel sensation. 
Referring to FIG. 5, an optional application parameter step 210 may be included to 
add application parameters describing how the shaped signal is applied to the force 
feedback interface device. The application parameters indicate the vector or 
directions of the applied force signal. For example, an axis parameter is an 
application parameter that may be employed to indicate which axis (e.g., x, y, and z, 
or specific axes of rotation/translation) of the force feedback device to apply the force 
signal. A 2D angle parameter may be specified to indicate the direction of effect 
application for a 2D device. A 3D angle parameter may likewise be specified to 
indicate the direction of effect application for a 3D device. 

[0098] Optional trigger parameter step 212 relates to trigger behavior and provides 
trigger parameters to the impulse-shaped signal. Trigger parameters may be 
employed to indicate, for example, when a defined effect should be executed. A 
button trigger parameter, for example, indicates which switch(es) or button(s) of the 
force feedback device should trigger the impulse-shaped effect when pressed. Button 
trigger parameters are useftil in creating reflex-type effects, which are automatically 
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executed whenever a switch or button on the force feedback device is activated. 
Reflex-type effects do not require continual intervention by the host processor, 
thereby alleviating the communication and computational burden on the part of the 
host. Reflex-type effects are most useful for effects that occur frequently, e.g., the 
"gun recoil" sensation for automatic weapons. Another trigger parameter is the repeat 
delay parameter, which may be employed to specify the delay time, typically in 
milliseconds, between multiple executions of an effect, e.g., for auto-repeat or 
"autofire" sensations. Such reflex trigger forces are described in greater detail in U.S. 
Pat. No. 5,691,898, hereby incorporated by reference herein in its entirety. 

[0099] In accordance with an advantageous aspect of the present invention, multiple 
simple effects can be sequenced to create a more complex effect. The complex effect 
may be represented by sequencing the impulse-shaped force signals associated with 
the constituent simple effects. For example, a game programmer may wish to convey 
a special weapon (SW) firing effect, which is characterized by a sharp recoil upon 
firing followed by a softer side-to-side vibration. This combination may be 
represented by a single sequenced effect with a recoil component, followed by a side- 
to-side vibration component. These constituent components may be represented by an 
individual impulse-shaped force signal, which is then sequenced to represent the 
sequenced effect. The exemplar firing effect may be represented as follows. 

Recoil Effect 

Source:=[Constant Force] 

Control Parameters:=[Magnitude=65%, Duration=100 milliseconds] 
Impulse Parameters:=[Impulse Level=95%, Settle Time=20 milliseconds] 
Application Parameters :=[Y_Axis] 

Vibrate_Effect 
Source:=[Square Wave] 
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Control Parameters: : =[Magnitude=25%, Frequency=50 Hz, Duration 150 
milliseconds] 

Impulse Parameters:=[Impulse Level=50%, Settle Time=50 milliseconds] 
Application Parameters:=pC_Axis] 

FiringEffect 

Source:=[Recoil Effect, Vibrate Effect] 
Control Parameters:=[Magnitude=75%] 

Trigger Parameters:=[Button_Mask=l, Repeat_Delay=100 milliseconds] 

[00100] The recoil effect component is characterized by an impulse at 95% of 
maximum force level, which is then allowed to decay to 65% force level in 20 
milliseconds. Thereafter, there is 80 milliseconds of steady-state constant force at 
65% force level. As indicated by the application parameter, this force signal is 
applied along the Y-axis of the force feedback device. FIG. 7A illustrates the force 
signal that results from the above representation of the recoil effect. 

[00101] The vibrate effect is characterized by a square wave of 50 Hz 
frequency. The square wave is applied as an impulse at 50% force level and allowed 
to decay to 25% force level in 50 milliseconds. Thereafter, there is 100 milliseconds 
of steady-state constant force at 65% force level. As indicated by the application 
parameter, this vibration force signal is applied along the X-axis of the force feedback 
device. FIG. 7B illustrates the force signal that results from the above representation 
of the vibrate effect. 

[00102] The sequenced firing effect is a combination of the recoil effect 
followed by the vibrate effect. Impulse-shaped force signal FS of FIG. 7C represents 
the sequenced effect that is conveyed to the user each time the weapon is fired. 
Multiple force signals FS are shown in FIG. 7C to illustrate the effects that result 
when button #1 of the force feedback device is held down continuously. As indicated 
by the trigger parameters above, the auto-repeat (or "autofire") effect is characterized 



29 



Atty. Docket No. IMMR067/04US 



by a 100 millisecond delay between consecutive sequence effects. Although not 
shown in FIG. 7C, the recoil portion of each force signal FS is applied along the Y- 
axis, and the vibrate effect is applied along the X-axis. 

[00103] As mentioned earlier, an offset is a control parameter which may be 
specified to regulate the "feel" of the source wave. The offset parameter, when 
present, indicates the amount by which a force signal is offset from the zero-force 
level, i.e., the offset represents a DC component. By way of example, FIG. 8 shows 
an impulse-shaped force signal characterized by an offset of 10%. In addition, a 
directional parameter may further constrain the force signal to have only positive 
values, only negative values, or both. FIG. 8 is an example where the directional 
parameter indicates that the impulse^shaped force signal may have both positive and 
negative values. FIG. 9 illustrates the impulse-shaped force signal of FIG. 8 but with 
the directional parameter constraining values to be only positive. 

[00104] FIG. 10 illustrates a schematic of force feedback device system 10, 
including a host processor 16 and local processor 26, to facilitate discussion of the 
labor-division aspect of the present invention in terms of the conditions and effects 
described herein. In the various embodiments of this aspect, the computational 
burden associated with forming force signals for conditions and effects is divided 
between the local processor and the host processor as needed to optimize 
performance. 

[00105] In accordance with one embodiment, the host processor 16 is 
employed to form the force signals that represent conditions, i.e., the closed-loop feel 
sensations for which the force applied to the user is a function of the state of the force 
feedback device. With reference to FIG. 1 0, for example, the host processor 1 6 may 
receive via path 302 the sensor outputs from a sensor 28 of force feedback device 14. 
Using the received sensor data, host processor 1 6 then creates the desired conditions, 
e.g., stiffness, damping, friction, inertia, or the like. The time-varying values of the 
formulated force signals may then be transmitted to the actuator 30, via path 310 in 
FIG. 10 for example, thereby causing actuator 30 to impart the desired feel sensation 
upon the user. 
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[00106] Alternatively, the local processor 26 may receive the time-varying 
values representative of the formulated force signals from the host machine, e.g., via 
path 314, and relay these time-varying values to the actuator of the force feedback 
device 14 via path 316. If desired, local processor 26 may perform additional 
processing, e.g., filtering or smoothing, on the received condition-related time-varying 
values prior to passing them on to actuator 30. 

[00107] In another embodiment of the present invention, the local processor 26 
is preferably employed to generate the force signals that create the condition-related 
sensations. It is preferable to employ the local processor for the task of forming 
condition-related force signals since the local processor is typically capable of 
communicating with the force feedback device sensors and actuators at a faster rate 
than the host processor. For example, a local bus 318 may enable local processor 312 
to read sensor 28 thousands of times per second, a rate which is difficult to achieve 
using conventional host processor communication ports, e.g., a RS-232 serial port or 
even USB. Once the force signals are formulated by local processor 312, their time- 
varying values may be transmitted directly to actuator 30 to create the desired feel 
sensation upon the user. In this embodiment, the host processor may command 
parameters such as stiffness (K) or damping (B) to the local processor which then uses 
that parameter to generate the appropriate condition. Independent parameters can be 
specified for each axis or degree of freedom and for each direction on an axis or 
degree of freedom. This passage of parameters allows synchronization of host events 
with feel conditions. 

[00108] Further, the task of formulating condition-related force signals is 
computationally intensive. The need to continually read sensors of the force feedback 
device and adjust the force signals applied to the actuators of the force feedback 
device may impose an unacceptably high computational burden on the host processor. 
In some cases, the host processor may be rendered incapable of properly executing the 
simulation program. By off-loading the task of forming condition-related force 
signals to the local processor, the computational bandwidth of the host processor is 
advantageously improved, thereby enabling the host processor to better attend to tasks 
requiring its attention, e.g., running the simulation program. 
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[00109] The use of the local processor for formulating condition-related force 
signals is particularly appropriate if the sensor values required to calculate the 
condition-related force signals are not needed at the host machine, or are not needed 
at a fast rate at the host machine. By formulating the condition-related force signals 
locally at the local processor, these sensor values need not be continually updated to 
the host processor, thereby freeing up the bandwidth in the communication channel to 
and/or from the host processor, e.g., channel 302 in FIG. 10. 

[00110] In accordance with another aspect of the present invention, the effect- 
related force signals are generated at the host processor and transmitted, via channel 
310 for example, to the actuators of the force feedback device. As mentioned earlier, 
effects are different from conditions in that effects are essentially open-loop 
sensations and may be formed without taking into account the motion of the force 
feedback device. Alternatively (or in addition), the effect-related force signals may be 
' generated locally on the local processor and transmitted directly, via channel 316 for 
example, to the actuators of the force feedback device. The use of the local processor 
to locally generate effect-related force signals is particularly advantageous when the 
effect is executed frequently, e.g., the aforementioned "gun recoil" effect. For 
example, the local processor can run a button check loop as a background process. 
When the local processor determines that the user has pressed a button from sensor 
data, a jolt effect force can be overlaid on any existing forces that are output. Or, 
when the host processor commands that a particular effect be output, the local 
processor receives this command and outputs the force effect, either by calculating the 
force effect anew or by outputting a digitally stored force profile. Note that if both 
condition-related force signals and effect-related force signals are formulated locally 
at the local processor, the computational bandwidth, as well as communication 
bandwidth, associated with the host processor may be significantly improved as these 
tasks are off-loaded from the host processor to the local processor. 

[00111] In accordance with yet another aspect of the present invention, the 
stream of digital data representing time-varying values of a force signal may be 
transmitted to the local processor from the host processor or to the actuators of the 
force feedback device as a series of overlapping data packets. Overlapping data 
packets are consecutive packets of digital data which contain at least one same digital 
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value or the same group of digital values. When the same digital data value or the 
same group of digital values are contained in more than one data packet, the integrity 
of the transmitted data is not compromised even when one of the consecutive data 
packets is rendered unusable, e.g., garbled or lost, as a result of the transmission. 

[00112] FIG. 11(a) illustrates an exemplar data packet 350 which contains 10 
digital force signal values (D0-D9). Another data packet 352 in FIG. 11(b) also 
contains 10 digital force signal values (D0-D9). However, data packets 350 and 352 
contain the same group of five digital values (i.e., D5-D9 in FIG. 1 1(a) and D0-D4 in 
FIG. 11(b)). In other words, only five digital values in each data packet are "new" 
values. Another data packet subsequent to data packet 352 (not shown) may have, in 
addition to five new data values, the same five digital values D5-D9 of FIG. 1 1(b). If 
one of these data packets is lost, the common group of digital values may be 
recovered from the other data packet by the receiving device, e.g., the local processor 
or a receiving circuit associated With the force feedback device. 

[00113] Of course the amount of overlap (in this case 5) as well as the number 
of digital values per data packet may be varied depending on needs. For example, the 
number of overlapped data values may be increased, to 9 for example, to ensure that 
no transmitted digital value is lost even if multiple consecutive data packets are 
compromised. The use of overlapped data packets may, in some case, render bi- 
directional communication protocols, e.g., for error-checking purposes, unnecessary 
since a transmitted data value is included in more than one data packet and given 
more than one chance to be transmitted properly. This technique may substantially 
reduce or even eliminate the need for the receiving device to inform the transmitting 
device whether a particular data value has been properly transmitted or requires re- 
transmission. 

[00114] While this invention has been described in terms of several preferred 
embodiments, it is contemplated that alterations, permutations, and equivalents 
thereof will become apparent to those skilled in the art upon a reading of the 
specification and study of the drawings. For example, a wide variety of types and 
models of forces can be transmitted to a user through the force feedback device when 
using the present invention. In addition, the application of reflex processes on a local 
microprocessor can be implemented in a variety of ways. Furthermore, certain 
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terminology has been used for the purposes of descriptive clarity, and not to limit the 
present invention. It is therefore intended that the following appended claims include 
all such alterations, permutations, and equivalents as fall within the true spirit and 
scope of the present invention. 
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